High-order chromatin was reconstituted in vitro. This species reflects the criteria associated with transcriptional regulation in vivo. Histone H1 was determinant to formation of condensed structures, with deacetylated histones giving rise to highly compacted chromatin that approximated 30 nm fibers as evidenced by electron microscopy. Using the PEPCK promoter, we validated the integrity of these templates that were refractory to transcription by attaining transcription through the progressive action of the pertinent factors. The retinoic acid receptor binds to highly compacted chromatin, but the NF1 transcription factor binds only after histone acetylation by p300 and SWI/SNF-mediated nucleosome mobilization, reflecting the in vivo case. Mapping studies revealed the same pattern of nucleosomal repositioning on the PEPCK promoter in vitro and in vivo, correlating with NF1 binding and transcription. The reconstitution of such highly compacted ''30 nm'' chromatin that mimics in vivo characteristics should advance studies of its conversion to a transcriptionally active form.
INTRODUCTION
The genomic DNA in eukaryotic organisms is hierarchically packaged into chromatin (Kornberg, 1977) . The fundamental repeating unit of chromatin is the nucleosome comprising 147 base pairs (bp) of DNA wrapped 1.7 superhelical turns around an octamer of histone proteins (H2A, H2B, H3, and H4) (Richmond et al., 1984) . The nucleosomes are connected by about 20-60 bp of linker DNA to form a ''beads-on-a-string'' fiber with a diameter of $11 nm (Luger et al., 1997) . Subsequently, the binding of the linker histone (H1 or H5) organizes the nucleosomal arrays into a more condensed fiber, usually referred to as the 30 nm chromatin fiber (Finch and Klug, 1976; Thoma et al., 1979) . The X-ray crystal structure of the nucleosome core particles was resolved at 2.8 Å , showing the precise path of the 147 bp of DNA and the localization of individual core histones (Luger et al., 1997) . However, the structure of the higher-order chromatin fiber is controversial .
It is now clear that chromatin structure exhibits a highly dynamic equilibrium between an open conformation exemplified by the 11 nm beads on a string and a compacted 30 nm fiber. Two main processes have been shown to modulate these dynamic structural changes. One involves ATP-dependent nucleosome remodeling complexes, and the other posttranslational modifications of histones (Varga-Weisz and Becker, 2006) . ATP-dependent nucleosome-remodeling factors are regarded as key facilitators of chromatin dynamics, acting at the level of the nucleosome proper through the following mechanisms: nucleosome repositioning Maier et al., 2008) , histone-DNA interactions (Narlikar et al., 2001) , nucleosome disassembly (Bruno et al., 2003; Vicent et al., 2004) , and canonical and variant histone exchange (Mizuguchi et al., 2004 ). Yet much less is known about the functional interactions of nucleosome-remodeling factors with folded chromatin fibers. Peterson and colleagues reported that acetylation of histone H4 on lysine 16 (H4K16ac), a mark with a functional role in transcription activation, can disrupt higher-order chromatin folding that had been induced by Mg 2+ in the absence of histone H1 (Shogren-Knaak et al., 2006) . Histone acetylation and ATP-dependent nucleosome remodeling activities are frequently coordinated with each other in the regulation of chromatin dynamics during gene expression (Narlikar et al., 2002; Vaquero et al., 2003) . Also, both H4K16 acetylation and linker histone eviction are required for unfolding the 30 nm chromatin fiber in vitro (Robinson et al., 2008) , suggesting that the decompaction of the 30 nm chromatin fiber is not a simple single-step process but at least a two-step mechanism. The dynamic nature of chromatin and its folding allows genes to be rapidly switched on or off after an inducing stimulus (Eberharter et al., 2005) . A very useful example of how chromatin dynamics influences gene expression is provided by the mouse mammary tumor virus (MMTV) promoter, one of the best-studied in mammals. The MMTV promoter is organized into an array with six well-positioned nucleosomes in vivo (Fragoso et al., 1995) , with the second nucleosome (NucB) covering the hormoneresponsive regions containing several hormone-responsive elements (HREs) and a binding site for nuclear factor 1 (NF1) (Piñ a et al., 1990) . In vitro binding experiments demonstrated that the glucocorticord receptor (GR) can bind to the reconstituted nucleosomal array on the MMTV promoter but that NF1 was not able to do so (Venditti et al., 1998) . In the absence of hormone, the binding site for NF1 was not accessible on this positioned nucleosome (Archer et al., 1992) . Upon hormone binding, hormone receptors such as GR bind to the exposed HREs and recruit the ATP-dependent chromatin remodeling complexes (BRG1 or BRM) (Johnson et al., 2008) and histone acetyltransferase (HAT) (p300 or pCAF) (Li et al., 2003) that reorganize the nucleosome structure underlying the promoter (Belikov et al., 2000; Fragoso et al., 1995; Richard-Foy and Hager, 1987) . This chromatin-remodeling event now enables NF1 binding (Belikov et al., 2004; Truss et al., 1995) and the assembly of a transcription initiation complex (Johnson et al., 2008) .
In its modus operandi, GR is regarded as a pioneer transcription factor, capable of binding to its sites on chromatin and triggering gene activation via its recruitment of various coactivators that form stable multifactor complexes and remodel the chromatin structure of the MMTV promoter. Yet in contrast to this presumably fixed binding of GR, FRAP experiments demonstrated that GR and its interacting coactivators undergo highly dynamic interactions with the MMTV promoter, measured in the order of seconds in living cells (McNally et al., 2000) . Subsequently, UV laser crosslinking experiments revealed that the interaction between GR and the chromatinized MMTV promoter is cyclical and highly dynamic, with peaks occurring approximately every 5 min (Nagaich et al., 2004) . This interaction is facilitated by the SWI/SNF chromatin-remodeling factor in an ATP-dependent manner involving sequential reorganization of histone H2A and H2B within the nucleosome (Nagaich et al., 2004) . Futhermore, time-resolved chromatin immunoprecipitation (ChIP) assays were employed to analyze the dynamic binding of nuclear receptors (NRs), interacting cofactors and histone modifications upon hormone activation (Mé tivier et al., 2003) . These studies revealed that rapid dynamic changes are a common theme for NR-regulated gene expression (Aoyagi and Archer, 2008) .
Most studies addressing the dynamic changes in chromatin organization during gene expression have thus far been focused at the level of the nucleosome. Here we investigated how the ordered recruitment and exchange of factors within the chromatin substrate occurs at the level of higher-order chromatin. We developed an in vitro system to reconstitute 30 nm chromatin fiber. The data show that the performance of this in vitro-assembled higherorder chromatin containing the model RAR/RXR-inducible PEPCK promoter was in accordance with regard to the chromatin dynamics observed at the in vivo PEPCK promoter and the processes required to attain transcription activation in vivo.
RESULTS

Conditions to Attain Different Types of Chromatin
We set out to define the process whereby highly compacted chromatin is relieved of its constraints to transcription. To this end we tested conditions to recapitulate in vitro the formation of compacted chromatin, the intermediates of and the resultant 30 nm fiber observed in vivo. Deacetylated histones and the linker histone H1 have been recognized as features associated with compacted chromatin; therefore we tested for chromatin compaction as a function of the presence of either or both. Supercoiled 5 kb DNA was assembled into chromatin using native core histones isolated from HeLa cells. This was preformed as a function of the presence of each of the following: the core histone chaperone RSF, linker histone H1, and the histone H1 chaperone NAP-1. The successful formation and alignment of nucleosomes was initially analyzed by micrococcal nuclease (MNase) digestion ( Figure 1A , left panel). While each independently could assemble histones onto correctly spaced nucleosomes, a tighter alignment of nucleosome arrays was observed when both RSF and NAP-1 were present ( Figure 1A , left panel). The addition of histone H1 to core histones during the assembly reaction resulted in correctly spaced nucleosomes in an RSF-and NAP-1-dependent manner, as evidenced by the 20 bp increase in the nucleosome repeat length (NRL) after micrococcal digestion. In the absence of RSF or NAP-1, histone H1 appeared to bind randomly.
Since histone H1 is deposited subsequent to core histones in vivo, we tested for histone H1 incorporation as a function of the presence of NAP-1 after chromatin was preassembled with core histones ( Figure 1A , right panel). Indeed, the subsequent addition of histone H1 resulted in correctly spaced nucleosomes, and the digestion pattern appeared to be sharper, with the nucleosomes exhibiting a more rigorous pattern of alignment at higher regions of migration. NAP-1 was required for histone H1 incorporation after core histones were assembled, as expected. These results indicate that NAP1-dependent histone H1 incorporation subsequent to RSF-mediated core histone assembly is optimal for giving rise to a pattern of nucleosomes that more accurately reflects that found in vivo.
We next examined the characteristics of chromatin assembled in the absence and presence of histone H1 as a function of the state of core histone acetylation. Native histones were deacetylated by SirT1 (see Figure S1A available online). Chromatin was preassembled using either untreated (acetylated) or SirT1-treated (deacetylated) native histones, yet the acetylation status of these core histones showed little effect on RSF/NAP-1 chromatin assembly ( Figure S1B) . Histone H1 was then either added or not, subsequent to this preassembly reaction. Sucrose gradient analysis of these chromatinized templates revealed the sedimentation profiles for chromatin assembled with core histones whether (hyper) or not (hypo) they were acetylated ( Figure 1B ). The addition of histone H1 after this preassembly did affect somewhat the sedimentation of chromatin containing acetylated histones, and in the case of deacetylated histones a faster migration was observed ( Figure 1B) . The presence of the appropriate histone components in the peak fractions in each case was verified using silver staining ( Figure S1C ).
Aliquots of these peak fractions were examined next by EM ( Figure 1C ). While acetylated histones alone gave rise to the typical beads on a string pattern of nucleosome placement, the incorporation of histone H1 resulted in a clearly discernible further compaction similar to that obtained with deacetylated core histones alone, but the disparate images suggested different extents of compaction. Thus even chromatin composed of acetylated histones can be compacted upon histone H1 incorporation. The highest degree of compaction was attained upon assembling chromatin with deaceylated core histones and the linker histone H1 ( Figure 1C ). The chromatin appeared to be homogenous, as evidenced by negative staining ( Figure 1D ; Figure S1D , left and middle panels) and cryo-EM ( Figure S1D , right panel). A large fraction of these species exhibited a diameter reflective of highly condensed fibers with a peak at 26-28 nm ( Figure 1E ). Of note, the diameter of the particles observed by cryo-EM is consistent with this observation. Figure 1D . See also Figure S1 .
We next examined this set of parameters for the extent of compaction obtained when the length and/or topology of the DNA template was varied. Similar results were obtained using linearized 5 kb DNA (data not shown) or DNA of 20 kb either linearized (see below) or supercoiled (data not shown) with the highest degree of compaction necessitating deacetylated histones and linker histone H1 in all cases. The EM results of chromatin assembled with linearized, 20 kb DNA exhibited longer filaments relative to those obtained with 5 kb DNA ( Figure S1E ). The species examined in all subsequent experiments were composed of supercoiled 5 kb DNA as shown in Figure 1C .
Reconstituted Highly Compacted Chromatin Is Refractory to Transcription and Impedes Some, but Not All, Activator Binding In general, compacted chromatin is considered as being repressive to transcription, as the nucleosomes present an obstacle to RNA polymerase II (RNAP II) with respect to its accessing the template and/or translocating along the transcription unit. Given the electrostatic charge imparted by the acetyl groups, chromatin composed of acetylated histones is recognized as being open and accessible, yet chromatin-remodeling factors are requisite for transcription in this case as well (Pavri et al., 2006) . We next compared each of the four assembled chromatin templates, those with acetylated (hyper) versus deacetylated (hypo) histones, with or without incorporated linker histone H1, for their ability to support transcription in nuclear extracts and also in a highly purified reconstituted transcription system. The chromatin templates contained Gal4 DNA-binding sites, and transcription levels in nuclear extracts were gauged in the absence or presence of Gal4-VP16 ( Figure S2A ). As expected, the basal and activated levels of transcription were clearly detectable using acetylated chromatin as template; however, when histone H1 was also incorporated, these levels were markedly reduced. Deacetylated chromatin templates gave rise to undetectable levels of transcription regardless of histone H1 incorporation.
None of the chromatin samples exhibited transcription in a minimally reconstituted transcription assay, as previously reported ( Figure S2B ) (Orphanides et al., 1998) . The addition of increasing levels of purified FACT that facilitates transcription from chromatin templates enabled detectable levels of transcription in all cases. However, deacetylated chromatin was less competent in supporting transcription relative to acetylated chromatin, and importantly, the incorporation of histone H1 in both cases resulted in markedly lower transcript levels. Thus the reconstituted chromatin templates exhibited the expected effects on transcription in both nuclear extracts and in a reconstituted system, and this reflected the extent of their compaction observed in the EM analyses shown above.
As our goal was to identify conditions that would convert highly compacted chromatin to one conducive to transcription, we sought to identify the impediment(s) to transcription using the four different chromatin templates described thus far. One such likely impediment that is requisite to transcription is transcription factor binding. We focused on retinoic acid (RA)-inducible promoters targeted by the RAR and RXR members of the NR family that activate transcription of targeted genes upon ligand (tRA) induction. We examined RAR/RXR binding to the RA response elements (RAREs) in the context of the different states of chromatin composition obtained above. We started with an artificial gene containing RAREs and then extended our analyses to a natural, more complex RA-inducible promoter, that of the PEPCK gene. Figure S2C shows a schematic representation of an artificial template containing the RARb2 promoter with five RAREs directing transcription of the b-globin gene. This template was assembled into chromatin containing either acetylated or deacetylated histones, in the absence or presence of histone H1. Increasing amounts of RAR/RXR exhibited binding to all chromatin templates whether tRA ligand was added ( Figure S2D ) or not (data not shown). Although binding to highly compacted chromatin containing deacetylated histones and histone H1 was relatively suboptimal, this would likely not be an impediment that would completely thwart transcription.
Characteristics of Compacted Chromatin Containing the Natural PEPCK Promoter
Our next goal was to test systematically the characteristics of the highly compacted chromatin generated in vitro for the parameters required to render these templates amenable to activated transcription, and then contrast these parameters to those identified in vivo. To this end we sought a well-studied and well-characterized promoter that is natural, inducible, and relatively complex in its factor requirements for activation. We chose the PEPCK promoter that contains an NF1 binding site in addition to two RAREs, the cognate binding sites for RAR/ RXR (Figure 2A) . Once again the same criteria were employed to assemble the different chromatin species whose integrity was verified by MNase digestion and EM (data not shown). Before examining the ability of RAR/RXR to access this natural promoter compacted by nucleosomes in vitro, we compared the positions of these nucleosomes with those of the in vivo case with respect to the promoter region on the PEPCK gene. We observed two distinct peaks of nucleosome occupancy in both cases, with the first peak overlapping RARE2 and the second overlapping the binding site for transcription factor NF1 ( Figure 2B ). In the latter case, the nucleosome position observed in vitro was slightly broader.
Similar to the case of the artificial RA-inducible promoter, increasing amounts of RAR/RXR exhibited binding to all chromatin states, including those that are most disparate with respect to their degree of compaction and their ability to support transcription: acetylated histones without histone H1 versus deacetylated histones with histone H1 ( Figure 2C ). Similar to the results obtained with the artificial promoter, however, the binding was less efficient in the latter case. Interestingly, given the profile of nucleosome positioning, both RARE1 and -2 were accessible to RAR/RXR binding reflecting the case of naked DNA ( Figure 2C ). We next tested for NF1 binding. Previous studies indicated that the NF1 transcription factor is completely blocked from binding to chromatin in general (Venditti et al., 1998) . Indeed, NF1 binding to any of the four chromatinized templates containing the PEPCK promoter was undetectable, while its binding to naked DNA was clearly apparent ( Figure S3 ). Given that RAR/RXR can bind while NF1 cannot, we next sought conditions that would enable NF1 binding to the PEPCK promoter when present within highly compacted, transcriptionally inert chromatin composed of deacetylated histones and histone H1.
Conditions to Enable Compacted Chromatin to Open for NF1 Binding In Vitro
Previous studies have shown that all-trans retinoic acid (tRA) induces a conformational change in the RAR/RXR heterodimer such that its preassociated corepressor complexes that include histone deacetylases (HDACs) are dislodged and can be replaced with coactivator complexes that include HATs and chromatin remodeling complexes such as SWI/SNF (Dilworth and Chambon, 2001 ). Therefore we tested if the p300 HAT in combination with SWI/SNF can provide the activities critical to relieve repressive chromatin structure and thereby enable NF1 to bind its cognate site in the PEPCK promoter. If this were to be the case, then such binding would be expected to be ligand (tRA) dependent. Figure 3A shows the protocol used with maximally compacted DNA containing deacetylated histones, histone H1, and the PEPCK promoter. Chromatin was incubated with RAR/RXR transcription factor, ATP, and the cofactor acetyl-CoA, in the absence or presence of ligand (tRA) after which SWI/SNF and p300 were added. The resultant chromatin was then exposed to NF1, and its binding was analyzed by DNase I digestion and primer extension ( Figure 3B ). The results show that only when the chromatin was incubated with RAR/RXR, SWI/SNF, and p300 was detectable NF1 binding achieved in the presence of ligand ( Figure 3B , compare lanes 10 and 11). Also, the presence of acetyl-CoA and ATP was required for this binding ( Figure 3C ). Thus highly compacted chromatin generated in vitro is accessible to RAR/RXR binding as shown above, and its impediment to NF1 binding can be overcome by histone acetylation along with nucleosome mobilization, reflected by the requirement for acetyl-CoA and ATP, respectively (see below). It is likely that RAR recruits p300 (Dowell et al., 1997) . As RAR and NF1 exhibit interaction in vitro (data not shown), it is also likely that NF1 can bind cooperatively with RAR after the chromatin is altered sufficiently such that NF1 can access the DNA.
Mobilization of Nucleosomes within Chromatin Compacted In Vitro
Having established conditions that permit NF1 to access chromatin compacted in vitro and containing the natural PEPCK promoter, we next examined if the profile of nucleosome occupancy is accordingly altered. We isolated the mononucleosomal DNA ( Figure 4A ) composing the different types of chromatin and scored for their coverage of the RAREs and the NF1 binding site as a function of the addition of the various activities identified above. In the reconstituted system using highly purified factors, the pattern of nucleosome coverage was unaltered as a function of addition of ligand (Figure 4Ba ), or ligand plus RAR/ RXR (Figure 4Bb) as shown in the case of hyperacetylated chromatin. However, the nucleosome positioned at RARE2 was dislodged upon addition of SWI/SNF, and this required ligand addition (Figure 4Bc ). Further dislodgement of the nucleosome covering the NF1 binding site immediately downstream was observed upon the addition of NF1 (Figure 4Bd) , suggesting that the vacancy of the first nucleosome enabled contact between RAR/RXR and NF1 to facilitate binding of the latter. Importantly, this mobilization was dependent on ATP (Figure 4Be ). p300 was not required (data not shown), as expected given that the histones were hyperacetylated. In contrast, compacted chromatin formed with hypoacetylated histones did require the presence of p300 to achieve a similar pattern of nucleosome mobility (compare Figure 4Bf and Figure 4Bg ). Thus the determinants to nucleosome mobility are the same as those to attain NF1 binding to chromatin as shown above, such that the physical removal of occluding nucleosomes can allow NF1 access, putatively through its interaction with RAR/RXR. Importantly, the nucleosomes can be dislodged only when their composite histones are acetylated.
NF1 Stimulates Transcription at the PEPCK Promoter
Given our findings of the minimal requirements to attain NF1 binding to compacted chromatin in vitro and the importance of this factor for achieving optimal PEPCK transcription in vivo (Crawford et al., 1998) , we next assayed the levels of PEPCK transcription from compacted chromatin in vitro under defined conditions. We used the minimal, chromatin-dependent reconstituted system that we employed earlier to study the dynamics of transcription at the RARb2 promoter (Pavri et al., 2006) . We first compared the levels of PEPCK transcription obtained from compacted chromatin templates in the absence of NF1. Figure 4C shows the protocol used with chromatin compacted as a function of its acetylation state and incorporation of histone H1. Regardless of the state of core histone acetylation, or of the presence of histone H1, during the generation of the compacted chromatin templates, transcription activation was attained in the presence of ligand, and in the absence of NF1 ( Figure 4D ). This process was, however, dependent on p300-mediated acetylation in the case of highly compacted chromatin derived from hypoacetylated core histones and histone H1, as evidenced by the requirement for acetyl-CoA ( Figure 4E ). This result is consistent with our previous report that p300 is required for liganddependent transcription from chromatin templates devoid of histone H1 (Pavri et al., 2006) . We next assayed for the level of transcription obtained as a function of time after NF1 addition. Of note, NF1 was added after the chromatin was subjected to conditions shown above that facilitate its binding ( Figure 4F ). While transcription activation was evident in its absence, NF1 addition led to markedly increased levels of transcription at considerably earlier times, consistent with its important role in PEPCK gene expression in vivo ( Figure 4G ). This NF1-mediated increase in transcription was independent of transcription reinitiation, as the addition of sarkosyl was ineffectual ( Figure 4G ). It is likely that NF1 stimulates the rate of formation of the transcription initiation complex, although an effect on transcription elongation cannot be ruled out.
Cycling of Factors at the PEPCK Promoter upon Ligand Induction In Vivo
We next probed for any possible pattern of recruitment by which these pertinent factors, RAR/RXR, p300, SWI/SNF, and NF1, as well as the general transcription factors and RNAPII can access the PEPCK gene in vivo. This was performed using qChIP experiments as a function of time after ligand addition to cells and in the context of PEPCK gene expression, using primers that cover À400 to +2000 nt relative to the start site of PEPCK transcription. Ligand addition resulted in activation of PEPCK gene expression as evidenced at the protein level by western blot and at the mRNA level by qPCR ( Figures 5A and 5B, respectively). Interestingly, factor recruitment to the PEPCK promoter appeared for the most part to be a highly dynamic process ( Figures 5C-5E ).
In the absence of ligand, RNAPII and the general transcription factors TBP and TFIIH (CDK7 and ERCC3) were present at the promoter ( Figure 5C ); thus we suspect that in the absence of ligand a transcription competent complex is formed, but maintained in a repressive state. After 30 min of ligand addition, we observed a first wave of factor recruitment at the PEPCK promoter as evidenced with RAR/RXR and Mediator (Med6) ( Figure 5E ), Brm, and p300 ( Figure 5D ), along with the general transcription machinery components ( Figure 5C ). Concomitantly, H3K14ac was robustly increased ( Figure 5D ). Of note, NF1 was not significantly enriched at the PEPCK promoter during this first wave of NR and cofactor recruitment ( Figure 5E ). However, a second wave of RAR/RXR and cofactor recruitment was apparent after 60 min of ligand stimulation and peaked at 90 min, during which NF1 was now recruited with a slight delay relative to that of RAR ( Figures 5C-5E ). This profile is in accordance with the order of addition experiments performed in vitro using purified RAR, p300, SWI/SNF, and NF1, as shown above. As well, this second wave of recruitment that incorporated NF1 corresponded with increased levels in PEPCK mRNA ( Figure 5B ). Yet another wave of factor recruitment at the PEPCK promoter was evident between 135 and 165 min postligand addition (Figures 5C-5E ).
With regard to the PEPCK coding region (+1000 and +2000 nt from the transcription start site), RNAPII and histone H3 were found along all regions of the gene examined after ligand induction ( Figures 5F and 5G) . In contrast, the general transcription factors TBP and TFIIH (CDK7) (Figure 5Ha ), p300 (Figure 5Hb ), NR RAR and Mediator (Med6) (Figure 5Hc ), and NF1 ( Figure 5Hd) were not detectable at any appreciable level. Of note, H3K14ac was also detected only at the promoter (Figure 5Hb) .
Importantly, all the factors exhibited ebb and flow at the promoter as a function of time, reflecting a dynamic fluctuation, rather than a static all-or-none phenomenon, being inherent to factor occupancy. This apparent dynamic nature of the transcription complex is most apparent when analyzing RNAPII occupancy within the transcribed region. Rather than a full occupancy at +1000 and +2000 nt, RNAPII appears in waves (Figures 5F and 5G), consistent with there being a periodic reassembly of factors at the promoter that function to attain an open chromatin conformation resulting in RNAPII recruitment.
Transcription Factor Cycling Reflects Nucleosome Repositioning at the PEPCK Promoter
Thus far, we demonstrated that SWI/SNF was requisite to attain NF1 binding to the PEPCK promoter when contained within highly compacted chromatin in vitro and that its Brm subunit was recruited before NF1 upon ligand induction of the PEPCK gene in vivo. We also observed that most factors that occupy the PEPCK promoter upon ligand induction do so with fluidity. To explain these observations at the level of the basic chromatin unit, we systematically examined the positions of individual mononucleosomes at the PEPCK gene (from À1000 to +400 nt relative to the start site of transcription) as a function of time of ligand exposure. H4IIE rat hepatoma cells were prepared for these analyses as shown in Figure 6A . The cells were first arrested for growth under conditions of serum starvation, and then cellular transcription was inhibited by treatment with a-amanitin, after which tRA was added for the same periods of time used in the ChIP experiments shown above. The cells were then fixed with formaldehyde, and genomic DNA and chromatin were isolated for each time point. Mononucleosomal DNA was isolated after MNase digestion ( Figure 6B ) and subjected to quantitative PCR (qPCR), using primer pairs that cover 1500 nt of the PEPCK promoter as shown in Figure 6C . The results were normalized against those obtained using genomic DNA and as well against results obtained for mononucleosome positioning at the 3 0 end of the b-globin gene that is not expected to alter as a function of time of hormone treatment (Flavin et al., 2004) . The relative enrichment of mononucleosomes at specific regions of the PEPCK gene was plotted for the time periods of tRA exposure indicated ( Figure 6D ). The data show that the level of mononucleosomes that are positioned at the downstream RARE (RARE2) and the NF1 binding site before ligand addition (Figure 6Da ) have been markedly reduced after 30 min of tRA treatment (Figure 6Db ) and stay as such at 75 min (Figure 6Dc ). This coincides with the steady increase in PEPCK transcription ( Figure 5B ). By 105 min (Figure 6Dd) , the mononucleosomes in this specific area of the PEPCK promoter now exhibited a renewed occupancy at RARE2 and at the NF1 site, but in the latter case there was a slight shifting downstream. This slight shifting of the mononucleosome associated with the NF1 site relative to its position preligand addition becomes clearly evident by 135 min of tRA treatment (Figure 6De ) and is maintained at 180 min (Figure 6Df) . These in vivo analyses were initiated to test the validity of the results we obtained in vitro using reconstituted highly compacted chromatin fiber. The in vivo results corroborate the integrity of the in vitro template and the information it provided with respect to (1) nucleosome and factor residencies at the uninduced PEPCK promoter, (2) the progressive recruitment of factors, and (3) resultant modulation of repressive chromatin as evidenced by changes in nucleosome occupancy at the induced PEPCK promoter. Such dynamics for achieving PEPCK gene expression are in accordance in vitro and in vivo.
DISCUSSION
In this report, we demonstrate an in vitro system that results in the reconstitution of highly compacted chromatin fibers using purified chromatin assembly factor RSF and histone H1 chaperone NAP-1. The measurable characteristics of this compacted chromatin were consistent with those of the in vivo case. In particular, by incorporating the well-studied PEPCK promoter in highly compacted chromatin generated in vitro, we found that these templates exhibited the appropriate requirements for PEPCK activation as previously established in vivo. Moreover, the nucleosome positioning at the PEPCK promoter in vitro reflected well the endogenous case, highlighting that proper nucleosomal patterning was attained in vitro under both uninduced and induced conditions.
Mechanistic Model: Opening Compacted Higher-Order Chromatin for RNAPII Transcription
We found that RAR/RXR can bind to highly compacted 30 nm chromatin fiber containing the model PEPCK promoter, although at lower affinity compared to that of extended nucleosomal arrays ( Figure 2B ). Chambon and colleagues showed that histone H1 alone is ineffectual with respect to RAR/RXR binding to the RARb2 promoter assembled into chromatin (Dilworth et al., 2000) , and this is consistent with our results showing that incorporation of histone H1 within hyperacetylated chromatin in vitro does not inhibit RAR/RXR access to chromatin. The second transcription factor, NF1, is required for both hormone-dependent chromatin remodeling and transcriptional activation (Hebbar and Archer, 2003) . NF1 binds proximal to the PEPCK promoter, and its interaction with other transcription factors or activators, such as CBP or p300, is critical to PEPCK gene expression (Leahy et al., 1999) . We found that RAR/RXR can recruit p300 and SWI/ SNF to the PEPCK promoter, and the subsequent rearrangement in nucleosomal structure allowed NF1 to bind to its cognate site. Importantly, in the absence of NF1, our in vitro nucleosomal mapping experiments showed that while RAR/RXR can target the ATP-dependent chromatin remodeling complex SWI/SNF to the RARE2-specific nucleosome, the chromatin remodeling reaction occurred only at this position and not at the nucleosome overlapping the NF1 binding site ( Figure 4B ). It was only when NF1 was present that we observed a significant remodeling of the nucleosome covering its binding site, indicating that NF1 and RAR/RXR cooperate in chromatin remodeling. Of note, these remodeling events did not include nucleosome coverage of RARE1, and this might be a reflection of the ligand we employed, that being all-trans retinoid acid (tRA) that specifically activates RAR/RXR through the RARE2 (DR5) element on the PEPCK promoter.
Our results support the two-step model proposed in the case of MMTV activation (Vicent et al., 2002) , in which binding of the initial factor, that being hormone receptor PR/GR, to chromatin triggers an ATP-driven chromatin remodeling event that facilitates access of NF1 to nucleosomal DNA. This in turn maintains an open nucleosome conformation allowing additional NR binding and full transcription initiation (Di Croce et al., 1999) .
In the case of the PEPCK promoter, the highly compacted chromatin generated in this study displayed in vitro the cogent features of its regulated expression in vivo (Figure 7 ). In this model, RAR/RXR and NF1 synergize during activation of PEPCK transcription. RAR/RXR binds to compacted higher-order chromatin and triggers the recruitment of histone-modifying enzymes (p300) and ATP-dependent chromatin-remodeling activities (SWI/SNF) resulting in nucleosomal rearrangement upon hormone treatment. This rearrangement displaces histone H1 and facilitates NF1 binding to nucleosomal DNA that in turn stabilizes the open nucleosome conformation at the PEPCK promoter such that other transcription factors (general transcription factors and RNAPII) can bind and establish transcription.
Chromatin Dynamics and the Ordered Cycling of Transcription Factor Recruitment on the PEPCK Promoter Our ChIP results revealed that the pertinent transcription factors, cofactors, and the transcriptional apparatus are recruited to the PEPCK promoter in a specific sequential, but also cyclical, manner ( Figure 5 ). Gannon and colleagues demonstrated that following estradiol treatment there is a cyclical (20-40 min cycles) and ordered recruitment of combinations of coactivators, changes in histone modifications and nucleosome organization, and assembly of the transcriptional machinery on the estrogenresponsive pS2 promoter (Mé tivier et al., 2003) . Moreover, similar to our findings with the PEPCK promoter, Gannon and colleagues also showed that the nucleosome organization over the pS2 promoter was also dynamically remodeled by synergism between SWI/SNF (or NuRD) and p300 Mé tivier et al., 2003) .
The dynamic binding of transcription factors and interacting cofactors to various NR-regulated promoters (Burakov et al., 2002; Gé vry et al., 2009; Mé tivier et al., 2003; Shang et al., 2000) indicates that these rapid yet orderly changes are a common theme for NR-regulated gene expression (Aoyagi and Archer, 2008; Kang et al., 2002; Sharma and Fondell, 2002) . Of note, our ChIP results for another RAR/RXR-regulated promoter, that of Cyp26A1, exhibited very different kinetics even though several of the factors involved are common to the PEPCK case (data not shown, see Pavri et al., 2006) , suggesting that the exact timing of factor recruitment may be promoter specific.
Formation of 30 nm Chromatin Fibers: Incorporation of Histone H1 and Deacetylation of Core Histones We close with a discussion of the goal we sought to achieve: the generation of compacted chromatin fibers that reflect the natural case. The linker histone H1 is known to act as a general transcriptional repressor (Laybourn and Kadonaga, 1991; Weintraub, 1985) and functions in the dynamics of higher-order chromatin folding and unfolding ). Yet little is known as to just how the linker histone H1 is deposited onto chromatin. Kadanoga and colleagues showed that ACF could assemble chromatin in the absence or presence of linker histone H1 in a NAP-1-dependent manner (Bulger et al., 1995) . Our previous study showed that RSF could assemble regularly spaced chromatin independent of NAP-1 and in the absence of linker histone H1 (Loyola et al., 2001 ). We demonstrated here that NAP-1 functions as a chaperone for linker histone H1 and assists RSF in the assembly of regularly spaced chromatin in the presence of linker histone H1 in vitro. These results are supported by two studies in which NAP-1 was characterized as a linker histone H1 chaperone using the dinucleosome system in vitro Shintomi et al., 2005) . In addition, our results show that both the incorporation of linker histone H1 and the deacetylation of core histones are required for full folding of chromatin fiber into a compacted higher-order 30 nm-like chromatin fiber. Importantly, nucleosome organization on the PEPCK promoter in the chromatin template assembled by RSF/NAP-1 in vitro exhibited a very similar pattern as that observed in vivo ( Figure 2C ), indicating that the assembled chromatin reflects the compaction behavior of native chromatin. An important and remaining question is exactly how the linker histone H1 dissociates from highly compacted higher-order chromatin. Our ChIP results showed that linker histone H1 dissociates from chromatin at 45 min after tRA treatment (data not shown), and this is preceded by histone acetylation and chromatin remodeling events, suggesting that these processes are prerequisite for histone H1 dissociation. However, it is still not clear whether an additional activity is required. Two important studies shed light on this question. First, Chandraratna and colleagues demonstrated that HMGA protein can interact with various transcription factors including RAR/RXR and displace linker histone H1 from compacted chromatin (Nagpal et al., 1999) . Second, Zaret and colleagues showed that the early developmental transcription factor FoxA could open compacted chromatin containing histone H1 without chromatin remodeling or histone acetylation (Cirillo et al., 2002) , by competing with histone H1 (Cirillo et al., 1998) . In addition, NAP-1 was shown to modulate the binding of linker histone H1 to chromatin in vitro (Kepert et al., 2005) , suggesting that NAP-1 may dissociate histone H1 via its histone H1 chaperone activity. As NAP-1 was employed in our in vitro chromatin assembly system, it is likely that it plays a role in dissociating histone H1 in cooperation with p300 and SWI/ SNF in our in vitro chromatin opening/remodeling (Figure 3 ) and chromatin transcription (Figure 4) assays.
The generation of the 30 nm chromatin species in vitro described here offers a solid and promising platform from which to investigate at the molecular level other pivotal candidates that might infringe upon or promote either the formation or the extension of highly compacted chromatin, including histone modification marks.
EXPERIMENTAL PROCEDURES
Templates, Constructs for Transcription, and Footprinting The plasmid p(PEPCK-500)G used for footprinting, transcription, and nucleosomal mapping assays was derived from p(DR5)5b2G by replacing the 5xDR5 elements and RARb2 promoter (KpnI and HindIII fragment) with the rat PEPCK promoter (À467 to +73 fragment).
Purifications of Proteins
See the Supplemental Information.
Chromatin Assembly and Sucrose Gradient Sedimentation Hyperacetylated histones were deacetylated in vitro by SirT1 as described previously (Vaquero et al., 2004) . Chromatin assembly was performed as previously described (Loyola et al., 2001) , with some modifications. Briefly, a standard chromatin assembly reaction containing 2.0 mg of DNA template, 2.0 mg of hyper-or hypoacetylated histone octamers, and 0.4 mg of RSF and/or 6.0 mg of NAP1 was performed in 150 ml of 10 mM HEPES (pH 7.5), at 30 C overnight. For histone H1 incorporation, an equal molar amount of histone H1 (relative to mononucleosomes) was added prior to or after the chromatin assembly reaction. After chromatin assembly, the samples were dialyzed against buffer I (10 mM HEPES-KOH [pH 7.5], 1 mM EDTA) at 4 C for 24 hr, then changed to buffer II (10 mM HEPES-KOH [pH 7.5], 0.2 mM EDTA, and 25 mM KCl) for another 24 hr at 4 C. After dialysis, the chromatin samples were loaded onto a sucrose gradient (10%-40%) in buffer II and centrifuged at 40,000 rpm (SW60Ti rotor, Beckman) for 4 hr at 4 C. Fractions from the gradient were analyzed by agarose gel electrophoresis. The peak fractions of chromatin were analyzed by SDS-PAGE followed by silver staining and also by EM.
Electron Microscopy
Rotary shadow cast with tungsten was essentially performed as previously described (Trojer et al., 2007) . The negative staining and cryo-EM experiments were performed as described in the Supplemental Information.
In Vitro Transcription Assays Ligand-dependent transcription assays were performed as described previously (Pavri et al., 2006) and as indicated in Figure 4C . The transcription products were analyzed by primer extension with the sequence of the [ 32 P]-labeled primer (5 0 -CACAGGGCAGTGACCGCAGACTT-3 0 ) being 200 bp downstream of the transcription start site of the PEPCK promoter.
Mapping of Nucleosomal Positioning In Vivo and In Vitro
Preparation of mononucleosomes by MNase digestion and analysis of nucleosomal positioning in vivo and in vitro are described in the Supplemental Information.
ChIP Assays and RT-PCR
ChIPs and RT-PCR were performed essentially as previously described (Margueron et al., 2008) . Cells were treated with all-trans RA as described in the Supplemental Information. Primer sequences for qPCR are provided in the Supplemental Information.
DNase I Footprinting
Binding of RAR/RXR and NF1 to chromatins was analyzed by DNase I footprinting (see the Supplemental Information).
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article at doi:10.1016/j.molcel.2010.01.042.
